The motility of microorganisms is influenced greatly by their hydrodynamic interactions with the fluidic environment they inhabit. We show by direct experimental observation of the bi-flagellated alga Chlamydomonas reinhardtii that fluid elasticity and viscosity strongly influence the beating pattern -the gait -and thereby control the propulsion speed. The beating frequency and the wave speed characterizing the cyclical bending are both enhanced by fluid elasticity. Despite these enhancements, the net swimming speed of the alga is hindered for fluids that are sufficiently elastic.
paint a complicated and sometimes contradictory picture. For instance, theories on the small amplitude swimming of infinitely long wave-like sheets suggest that elasticity can reduce swimming speed 16, 17 and these predictions are consistent with experimental observations of undulatory swimming in C. elegans. 20 . Similar trends were found recently 24 on studies of the motility of both idealized "pullers" (such as C. reinhardtii ) and "pushers" (such as E.
coli ). On the other hand, simulations of finite-sized moving 18 filaments or large amplitude undulations 23 suggest that fluid elasticity can increase the propulsion speed -consistent this time with experiments on propulsion due to rotating rigid mechanical helices. 22 The emerging viewpoint is that fluid microstructure and swimming kinematics together impact motility in a non-linear manner 12, 23 .
In this manuscript, we experimentally investigate the effects of fluid elasticity on the swimming behavior of the bi-flagella green alga, Chlamydomonas reinhardtii. With an ellipsoidal cell body ( Fig. 1a ) that is roughly 10 µm in size and two anterior flagella each of length ∼ 10 µm, the alga C. reinhardtii is a model system in biology 28 and has been widely used in studies on motility. The two flagella possess the same conserved "9+2" microtubule arrangement seen in other eukaryotic axonemes 28 and as a pair, execute cyclical breast-stroke like patterns with asymmetric power and recovery strokes at frequencies varying from ω ∼ 30-60 Hz to generate propulsion. 27, 28 This swimming gait generates far-field flows corresponding to an idealized "puller." 24, 26 By systematically modifying the elasticity of the fluid, we studied the variation of the flagellar beat pattern, beat frequency ω and centroid velocity. We find that fluid elasticity can modify the beating pattern (i.e. shape) and enhance the alga's beating frequency and wave speed. Despite this enhancement, the alga's swimming speed is overall hindered (as much as 50%) by fluid elasticity due to the elastic stresses in the fluid. 
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The beating pattern of C. reinhardtii over one cycle in Newtonian (N) and polymeric solutions (VE) of similar viscosity µ ≈ 6 mPa·s are presented in Fig. 1(b) (c.f. SI- §II for analogous shapes for µ ≈ 2.6 mPa·s). The difference in shapes is striking and illustrates the effects of fluid elasticity on swimming. In the Newtonian case (i), the flagellum seems more mobile and significant changes in curvatures are attained over the whole cycle. In the viscoelastic case (ii), lateral displacements of almost a third of the flagellum close to the cell body (green) appear to be severely restricted (less mobile) or bundled together with most of the bending occurring over the remainder of the length. Furthermore, we observe localized bending at the distal tip in the initial stages of the power stroke. The differences in the shapes can be quantified by plotting the spatio-temporal evolution of the scaled flagellum curvature κ(s, t) =κ(s, t) · over many cycles (Fig. 1c) . These kymographs show that regions of high curvature are found to distribute diagonally and periodically, characteristic of propagating bending waves. In the elastic fluid, (Fig. 1c , right panel) flagella attain larger curvatures (dark blue regions) and an increase in the frequency of bending waves (diagonally oriented lines -direction shown by arrow). We also observed that for very low viscosities (1 < µ < 2.6 mPa·s), the distal tip gets closer to the cell body than for higher viscosity fluids (SI, Fig. 7 ). We can quantify this difference in curvature by computing the normalized curvature averaged over time t (≈ 6 cycles) and dimensionless arc length s/ , here denoted by κ . We find that at µ ≈ 6 cP, the value of κ is -1.44 and -2.72 for the Newtonian and viscoelastic fluids, respectively.
These changes in the spatio-temporal dynamics of the flagella translate to variations in beat frequency and swimming speed. We begin by investigating the effects of shear viscosity on the beat frequency ( Fig. 2a) and on the cycle averaged net swimming speed (Fig.   2b ). In Newtonian fluids, for viscosities µ ∼ 2 mPa·s and lower, the frequency is roughly around 56 Hz. Increasing the viscosity further (µ > 2 mPa·s) results in a monotonically decreasing frequency. Intriguingly, we find that the decay is well captured by ω ∼ 1/ √ µ consistent with models suggesting that emergent frequencies are selected based on a balance of internal active processes, the elastic properties of the flagellum and external viscosity Fig. 1(c) . As anticipated, we find a significant difference in the shape of the flagella (Fig. 5a ) at the onset of the power stroke. For the viscoelastic case, the bending at the distal end (green arrow) is much more pronounced, consistent with the tip flexion observed in the contours in the inset of Fig. 5(c) .
Also, there are pronounced curved regions at both the proximal and distal end, while the profile for the Newtonian case is relatively flatter. We recall that as De increases, flagellar displacements over a cycle at the proximal end become increasingly confined, yielding a "bundled" shape that is evident for De = 2.4 (SI- §II) and more prominent for De = 6.5
(inset in Figs. 5b and 5c ). We quantify these observations in Figs. 5(b) and 5(c) by plotting mean curvatures, calculated separately for the power cycle (blue) and recovery cycle (red), and comparing them to the cycle averaged curvature (black). For the viscoelastic case (Fig.   5c ), the curvature is relatively fixed at s ≈ 0 throughout the cycle, while for the Newtonian case (Fig. 5b) , the curvatures vary significantly and in fact flip signs over a beat cycle. These shapes are suggestive of localized polymer stress regions at both the distal and proximal end.
Such regions of concentrated stress have been predicted 23 near both ends of a free undulatory burrowing swimmer in polymeric fluids. In our case, these regions may develop due to the curvature of fluid streamlines induced by vortices that strengthen and shift towards the anterior of the cell body during the power stroke 27 . Furthermore, the boundary effects may amplify these stresses near the proximal end s ≈ 0. We hypothesize that the proximal elastic stress concentration has opposing effects for the power and the recovery stroke.
During the power phase, signed speed data show that the cell body is pulled forward by the flagella. This forward motion is resisted by the proximally located elastic stresses in the fluid, hence the motion will be impeded compared to the Newtonian case -i.e, U + VE /U + N < 1 as seen for 2 < De < 6 in Figure 4 Figure 5 (e). The viscoelastic case has slightly higher amplitudes for both power and recovery stroke. This is possibly due to polymer stretching "overshoot" that occurs at the switch between the power and recovery stroke, as observed in the transient extensional flows in dilute polymers 32 . Furthermore, the zero speed points coincide only at the start of the recovery stroke and the consistent delay in the start of the power stroke shows that the alga is experiencing a more extended recovery and a shortened power phase.
Overall, our experiments show that during the recovery stroke, the polymer stress in the fluid, the increase in beating frequency and the increase in the proportion of recovery stroke work in concert to enhance the speed during recovery stroke. In contrast, during the power stroke, the three effects compete with each other. The net result ultimately yields a reduction in speed of the alga.
In this work, we focus on the algae C. reinhardtii but the feedback we observe between fluid elasticity and swimming strokes is a more general principle. Many live organisms and organelles live and move in fluids that possess both fluid-like and solid-like behavior (i.e. viscoelasticity), including mammalian spermatozoa progressing in human mucus (of different viscosities) 2,10 , nematodes burrowing in wet soil 11 , and cilia beating in the respiratory tract 7 .
It is now recognized that there is no straightforward relationship between fluid elasticity and motility. 4, 18, 23 Rather, the motility behavior of organisms seems to depend on the swimmer's kinematics and fluid properties as well as the material properties of the the swimmer itself. In fact, recent numerical results show that softer organisms respond differently to fluid elasticity than stiff organisms 23 . Also, our results show that fluid elasticity influences kinematics and swimming speeds in a manner different from just shear thinning viscosity, which for instance cannot account for the non-monotonic dependence of beating frequency on polymer concentration or viscosity (Fig. 2a) as well as the dramatic increase (≈ 50%) in frequency for the polymeric solution compared to the Newtonian case at similar viscosity (µ = 5.7cP).
Indeed, recent theoretical analysis 33 and experimental results with C. elegans 34 show little to no effect of shear thinning viscosity on swimming kinematics including propulsion speed.
Finally, it is not known whether swimmers can use mechanosensation to actively control their swimming modes and attempt to overcome retarding fluid effects. Incorporating and understanding the interplay between fluid stresses, the material properties of the active filament, and the forces/moments produced by such filaments is a natural next step to distinguish active and passive effects.
METHODS AND MATERIALS Thin film and imaging
A small amount of motile alga was added to the solutions thus prepared and the suspension was further stabilized by adding the surfactant Tween-20. A small volume of this suspension was stretched into a thin film of thickness ≈ 20 µm using an adjustable wireframe device. 27 The film thickness is about twice the alga body diameter so the cells are unable to rotate about their swimming axis and only swimming in the mid plane of the film was recorded. The film interfaces are nearly stress-free which minimizes velocity gradients transverse to the film. 27 Cell motion in the thin film is imaged using a microscope (dark field, 20x or 60x magnification) and a high-speed camera (600 fps). We expect no interfacial We also observed other gaits that once identified using energy spectra and frequency peaks were discarded before analysis.
In order to compare swimming in polymeric fluids with that in Newtonian fluids, we define an effective viscosity µ = 
Tracking flagellar positions
The movement of the flagella during the beating cycle are tracked first by manual identification after which pixel positions and intensities corresponding to the material points are extracted. We then discretized the shapes and used an iterative process applying standard algorithms to obtain smooth and differentiable contours with low relative errors (< 1%).
The shapes relative to the center of the cell body obtained from multiple sequential periods are then mapped to points along a cyclical trajectory of constant period (SI- §II,B) -the final contours are then inspected for fidelity to the actual discrete data. 
